The formation of precipitates of Ti and Cr nitrides in cold-rolled Fe + Ni(4at%) Ti(2at%) and Fe + Ni(4at%) + Cr(3at%) after a pre-nitriding step was investigated by Mo È ssbauer spectroscopy (MS) and transmission electron microscopy (TEM). From MS data we conclude that initially most of the Ti and Cr were atomically dispersed. Using TEM and high-resolution TEM (HRTEM), we found that the Baker-Nutting (B-N) orientation relationship (OR) holds for platelets one to two interatomic distances thick, producing streaking around the (200) reflections, while for thicker precipitates the Nishiyama-Wasserman (N-W) OR is more favorable. We also observed a transient phase, Cr 2 N, the formation of which was possible due to the relatively low nitriding temperature, a low nitriding potential, and the presence of Cr inclusions of relatively large initial size.
Introduction
The formation of nitrides in iron is an issue with a long history. A suitable nitriding process should lead to increased corrosion resistance and hardness in industrial applications. Unfortunately, the instability of the Fe±N system becomes a crucial factor at high applied temperatures, where the pores filled with gaseous N 2 cause difficulties in applications. The problem may be avoided by using a low temperature during nitriding [1] . Alloying elements, like Ni, may enhance the formability of the nitrided iron. Precipitates of alloying element nitrides, formed in the diffusion layer of the iron matrix, also can significantly improve the properties of iron alloys [2, 3] . For example, indentation hardness can be increased several times by nitriding iron alloys, containing Ti [4, 3, 5] , Cr [3, 6] , V, Al and some other elements [4] .
Relevant questions are: whether or not the precipitates formed are coherent with the matrix and, if so, what is the orientational relationship (OR), what is the equilibrium shape and size of the precipitates, what kind of plastic and elastic deformations of the matrix are required to nucleate and coarsen the precipitates, etc. Most of these issues have been studied before in the above-mentioned references [2 to 6] and also by the groups of Jack [7] and Mittemeijer [8] .
For f.c.c. precipitates in a b.c.c.-matrix the most familiar OR are the ones due to Bain [9] , Nishiyama-Wasserman (N-W) [10, 11] , and Kurdjumov-Sachs (K-S) [12] . Interconnection between these OR is described in depth in [13] and also in a number of books (see, e.g. [14] [15] . Following the B-N OR, a strained coherence between the a-Fe matrix and precipitates is possible with (001) habit plane, but not in the transverse [001] direction. That determines the disc shape of the precipitate. According to [7] , the thickness of the TiN platelets is about 0.4 nm.
The objectives of this study are: development of hard and formable Fe±N-based dilute alloys for industrial applications with small additions of alloying elements, and a study of the formation of precipitates of Ti and Cr nitrides in a-Fe. We investigate the properties of the precipitates, i.e. their size, shape, coherence of the interphase boundary, in order to use this information for optimization of further nitriding steps where these precipitates may serve as nuclei for the growth of iron nitride phases.
Specimen Preparation
Slices of bulk Fe + Ni(4at%) + Ti(2at%) and Fe + Ni(4at%) + Cr(3at%) materials were cold-rolled to 2 to 4 mm thick foils, which were nitrided afterwards during %1 h at a temperature in the range 450 to 500 C in a NH 3 + H 2 mixture of 1 atm and at a nitriding potential ln (r N ) = ln [p(NH 3 )/p(H 2 ) 3/2 ] % ± ±7.0, where the pressures of ammonia, p(NH 3 ), and hydrogen, p(H 2 ), are in Pa. The nitriding potential corresponds to the a-region of the Fe±N Lehrer phase diagram [16, 17] , so that no formation of Fe nitrides is expected. We call this process``pre-nitridingº.
Before inspection in TEM, the samples were thinned by two-beam ion milling until a small hole was formed. In most cases, the samples were exposed to air only about 10 min, which is short enough to avoid any significant surface oxidation. For the study, CTEM JEM 200CX and HRTEM JEM 4000 EX/II electron microscopes were used with electron beam energies of 200 and 400 keV, respectively. Figure 1 shows the evolution of the MS spectra upon nitriding the FeNiTi samples. Before nitriding an extra component in the spectra due to Fe atoms with a nearest, or a next nearest Ti atom neighbor, can be observed, with a relative intensity corresponding to the amount of Ti dissolved, Fig. 1a . Based on this dependence, our estimates indicate that a major fraction of Ti and Cr was atomically dispersed in the Fe-matrix of as-rolled foils. We note that Ni atoms reduce just slightly the hyperfine field in the Fe-matrix and broaden the Fe-sextets in MS spectra, but do not produce a well-defined extra component [18] . During pre-nitriding at temperatures around 400 to 450 C the Ti neighbor satellite is replaced by a broader component with a different shift, Fig. 1b . We tentatively associate this component with the formation of isolated TiN molecules. After annealing at temperatures around 700 C the formation of TiN precipitates can be observed by the disappearance of the extra component, Fig. 1c . Similar results were obtained for FeNiCr samples.
Results

Mo È ssbauer spectra
In this way MS allows to follow the development of nitrides on a molecular level. The TEM technique gives insight in structures on a scale from A Ê ngstroms to mm.
TEM observations. As-rolled materials
Typically, as-rolled FeNiTi and FeNiCr foils show a relatively homogeneous distribution of``dotº-like particles with a size below 1 nm, except for some areas with a somewhat larger size of 2 to 4 nm. These``dotsº could be associated either with defects or with microprecipitates. We do not expect Ni to precipitate because of its high solubility in Fe. The electron diffraction shows, in general, a regular b.c.c. a-Fe pattern, as is illustrated in Fig. 2 for the [001]-zone, where some superspots are also visible. These extra spots correspond to kinematically prohibited {100} reflections and could be associated with dynamical diffraction in a distorted b.c.c. lattice. This distortion can be caused both by a large amount of defects induced by the cold rolling and by incorporation of substitutional Ni and/or Cr atoms into the matrix. The [001] matrix orientation is in good correspondence with XRD results, which reveal a strong texture in the foils. In TEM, C, 2 h, in pure H 2 . The lines are fitted deconvolutions of experimental data, showing the main contribution due to pure iron plus substitutional Ni atoms (deep curves) and an additional contribution of nonmagnetic Ti neighbors (shallow curves). The peak positions of the matrix (1) and second (2) components are indicated however, h011i and h111i-oriented crystallites were also observed frequently. The reason of this over-representation of the other grain orientations may be due to a higher sputtering rate during the ion beam milling of the samples for grains with a (001) plane parallel to the surface. In some selected area diffraction (SAD) pictures for FeNiTi samples weak reflections of small hexagonal Ti crystallites were observed, indicating the presence of precipitates of relatively large (more than several nm) sizes. We did not observe such reflections for Ni, nor for Cr precipitates, though we note that it could be difficult to detect reflections from small Cr crystallites, even if present, because of the small difference in parameters of the b.c.c. lattices of Cr and a-Fe.
Precipitate formation in pre-nitriding
After pre-nitriding of FeNiTi foils, homogeneously dispersed particles of small size (below 4 nm) were predominant. In selected areas, like those shown in Fig. 3a , large clusters up to 40 nm were sometimes visible. The interior of these clusters was not homogeneous, but consisted of a dense composition of smaller particles of nm size.
On and S6 may correspond to periodic elastic deformations of the matrix due to the presence of precipitates, as will be discussed in Section 4.
Similar to the case of FeNiTi, in FeNiCr we saw, in general, a homogeneous distribution of small``dotº-like precipitates, but in some selected areas we observed an enhanced concentration of larger (up to %5 nm) size precipitates, similar to those shown in Fig. 4a . The SAD pattern, Fig. 4b , showed streaks which extend almost through the whole first primitive reciprocal cell, indicating the presence of CrN platelets with a thickness of one or two interplanar distances. The platelets are oriented parallel to the {010} plane as predicted by the B-N OR which has been reported in [6] for CrN in The SAD pattern in Fig. 6 shows faint reflections, indexed in the Miller-Bravais h.c.p. notation, which were identified as being due to Cr 2 N inclusions. In [6] this phase was considered as a transient nonequilibrium phase, with a larger Gibbs free energy than CrN. Indeed, in most published works [4, 6, 7] CrN particles have been reported and no visible Cr 2 N phase. But in [6] , it was shown that at low temperatures where kinetics slows down the nitriding processes, for small nitriding times and for relatively large concentrations of Cr, the transient phase could be present. Possible factors, enhancing the probability of formation of low-N Cr±N precipitates in our case, are short nitriding times, relatively low temperatures and the presence of relatively large inclusions of Cr in the as-rolled material. Although our SAD patterns, as mentioned before, did not provide evidence for such inclusions in as-rolled foils, be- 
Discussion
Two types of orientational relationship were found to be operative for f.c.c. TiN and CrN precipitates in a-Fe. For one to two monolayer thick precipitates, which give streaking in (200)-type reflections, the OR of Baker and Nutting [15] works, in accordance with previous findings. But for larger precipitates we observe a preferred orientation, following the OR of Nishiyama and Wasserman [10, 11] . The reason for that can be understood if we take into account a large (%30%) precipitate/matrix misfit in the direction perpendicular to the (100) habit plane in the B-N type of coherence. E.g. for TiN/a-Fe the angle between (111)TiN and (110) a-Fe should be equal to 9.74 . The observation of a 9 to 10 shift of S1 spots with respect to g 020 in Fig. 3b indicates that the (111)TiN rotation Fig. 3b deviate by |Dg S4 | = 1/0.51 nm ± ±1 which may be associated with double diffraction on a periodically deformed matrix with periodicity of half the minimum mismatch of the 4-to-5 superstructure. In the region of a dense population of TiN inclusions, as shown in Figs. 3a and 4a , such a correspondence may cause a periodic deformation of the matrix, modulated with a period, equal to a multiple of half the distance of minimum mismatch between (111)TiN and (110) a-Fe which is about of 0.5 nm, as follows from above. The periodic deformation of a matrix by precipitates has been observed in the past (see, e.g. [19] ), however, this issue requires further investigation.
Cr and Ti differ in solubility in a-Fe and in affinity to nitrogen. A limited solubility of Ti favors clustering and variation of concentration of Ti along the sample, which we observed in EDAX measurements. It is also in correlation with TEM results reported here, in particular, with the formation of relatively large TiN precipitates, discussed in Section 3.3. Due to the rather high solubility of Cr, it could be reasonable to expect no clustering of metallic Cr in as-rolled material. Nevertheless, we have presented indications that these Cr inclusions exist. One of them is the presence of reflections, though weak, of CrN and Cr 2 N, discussed in Section 3.3. These reflections can be formed by relatively large inclusions, which can hardly grow for the time and temperatures of nitriding in our studies. Nevertheless, most of the Cr and Ti content was atomically dispersed. Even if we estimate the content of Cr in the precipitates, for example, basing on Fig. 4a , and taking the light spots as due to large CrN particles, we still obtain a small fraction of only 1%. This is in correspondence with the results of MS spectra (Section 3.1), from which we estimate that the content of atomically dispersed Cr is close to the total concentration of Cr.
Conclusions
The formation of precipitates of Ti and Cr nitrides after pre-nitriding of cold-rolled FeNiTi and FeNiCr alloys was studied using Mo È ssbauer spectroscopy and transmission electron microscopy. Initially, most of the Ti and Cr were found to be atomically dispersed. During pre-nitriding they form semicoherent plate-like precipitates with thicknesses of one or two {100}-interplanar distances. Some fraction of Ti and Cr forms larger precipitates, which give TiN and CrN f.c.c. reflections. We associate these larger precipitates with metallic clusters in as-rolled material. The metallic Cr clusters form during pre-nitriding the intermediate metastable Cr 2 N-phase.
It was found that thin platelet precipitates follow the Baker-Nutting epitaxial relationship, while larger TiN and CrN particles grow with Nishiyama-Wasserman orientational relationship.
